. This quantity (100 ϫ V O 2 basal /V O 2 total ), which we define herein as "basal percent renal V O 2 ," can be estimated experimentally in intact animals. However, these estimates have varied widely (Table 1 ), indicating that this parameter is highly susceptible to experimental conditions.
basal ; O2 used for processes independent of Na ϩ transport) confounds the utility of the ratio of Na ϩ reabsorption (TNaϩ) to total renal V O 2 (V O 2 total ) as an index of the efficiency of O2 utilization for TNaϩ. We performed a systematic review and additional experiments in anesthetized rabbits to obtain the best possible estimate of the fractional contribution of V O 2 basal to V O 2 total under physiological conditions (basal percent renal V O2). Estimates of basal percent renal V O2 from 24 studies varied from 0% to 81.5%. Basal percent renal V O2 varied with the fractional excretion of Na ϩ (FENaϩ) in the 14 studies in which FENaϩ was measured under control conditions. Linear regression analysis predicted a basal percent renal V O2 of 12.7-16.5% when FENaϩ ϭ 1% (r 2 ϭ 0.48, P ϭ 0.001). Experimentally induced changes in TNaϩ altered TNaϩ/V O 2 total in a manner consistent with theoretical predictions. We conclude that, because V O 2 basal represents a significant proportion of V O 2 total , TNaϩ/V O 2 total can change markedly when TNaϩ itself changes. Therefore, caution should be taken when TNaϩ/V O 2 total is interpreted as a measure of the efficiency of O2 utilization for TNaϩ, particularly under experimental conditions where T Na ϩ or V O 2 total changes. oxygen consumption; renal metabolism; efficiency of oxygen utilization for sodium reabsorption THE KIDNEY derives chemical energy from O 2 , which it then uses to reabsorb Na ϩ and to perform functions that are independent of Na ϩ reabsorption (T Na ϩ). The relationship between total renal O 2 consumption (V O 2 total ) and T Na ϩ is quasilinear. It is often depicted by a straight line that intersects the ordinal (V O 2 ) axis at a point representing the cost of "basal metabolism" (V O 2 basal ). V O 2 basal can thus be defined as the sum of all of V O 2 that remains after accounting for that used for (T Na ϩ) (V O 2 Na ϩ ) (19) . There is general agreement that, under physiological conditions, V O 2 basal comprises Ͻ20% of V O 2 total . This quantity (100 ϫ V O 2 basal /V O 2 total ), which we define herein as "basal percent renal V O 2 ," can be estimated experimentally in intact animals. However, these estimates have varied widely ( Table 1 ), indicating that this parameter is highly susceptible to experimental conditions.
The actual magnitude of basal percent renal V O 2 has important implications for our understanding of the mechanisms underlying renal hypoxia in acute and chronic kidney disease. It has become widely accepted that the quotient of T Na ϩ to renal V O 2 total (or its reciprocal) represents an index of the efficiency (or inefficiency) of O 2 utilization for T Na ϩ (6, 7, 35, 55) . T Na ϩ/V O 2 total is reduced in acute kidney injury (6, 7, 35, 55) , chronic kidney disease (8) , diabetes (51) , and hypertension (8) . These observations have been interpreted as evidence that inefficient utilization of O 2 for T Na ϩ contributes to the renal tissue hypoxia characteristic of these pathological states. Furthermore, Laycock and colleagues showed that blockade of nitric oxide synthase reduced the glomerular filtration rate (GFR) and T Na ϩ but increased renal V O 2 total , so that T Na ϩ/V O 2 total was more than halved (35) . These observations were interpreted as evidence that nitric oxide normally acts to enhance the "renal efficiency for transportation of sodium." Changes in transport efficiency, which can be defined as the rate of change in T Na ϩ per unit change in V O 2 total (dT Na ϩ/dV O 2 total ) could result from changes in mitochondrial function, shifts in T Na ϩ along the nephron to sites of differing efficiency for O 2 utilization, altered Na ϩ backleak through paracellular pathways, or changes in the function of mechanisms of secondary active transport (19) . However, the denominator of T Na ϩ/V O 2 total is composed of a component dependent on T Na ϩ (V O 2 Na ϩ ) as well as a component independent of T Na ϩ (V O 2 basal ). Consequently, the use of T Na ϩ/V O 2 total as an index of the efficiency of T Na ϩ (transport efficiency ϭ dT Na ϩ/dV O 2 total Ϸ T Na ϩ/V O 2 Na ϩ ) rests on the assumption that V O 2 basal is negligible and does not vary much under physiological or pathophysiological conditions. Therefore, in the present study, we set out to test the hypotheses that 1) under physiological conditions, V O 2 basal makes up a substantial proportion of V O 2 total and 2) estimates of basal percent renal V O 2 and T Na ϩ/V O 2 total depend on the natriuretic state of the kidney and, thus, vary with the fractional excretion of Na ϩ (FE Na ϩ) and T Na ϩ. To assess basal percent renal V O 2 , we first performed a systematic review of published reports of studies of intact animals in which basal percent renal V O 2 was estimated or that contained data from which it could be estimated. We also performed an experiment to assess the effects of ureteral ligation on renal V O 2 , since this approach has been little used (Table 1) . We then reviewed published reports in which T Na ϩ/V O 2 total was measured or that contained data from which it could be calculated to determine whether it varies with FE Na ϩ and/or T Na ϩ. Patterns arising in these data were then compared with theoretical relationships between these variables, generated for varying levels of V O 2 basal .
METHODS

Systematic Review: Search Criteria
In a Medline search, we used as Medical Subject Headings (MESH) and keywords "oxygen consumption" (105,389 results) AND "kidney" (652,799 results) AND either "glomerular filtration rate" (38,655 results) OR the MESH "sodium" OR the keyword "sodium reabsorption" (127,115 results), giving a combined return of 553 75 articles formed the basis of the literature search. Additional articles were sourced from the references of articles obtained from the search and from an examination of articles that cited the papers identified in our search. The final analysis included only original studies with at least an abstract written in English. Thus, four potentially relevant articles written in German were excluded (5, 17, 31, 82) .
Basal Percent Renal V O2
Overview of available methods for estimating basal percent renal V O2. Basal renal metabolism can be assessed in vivo in a number of ways. One approach might be to pharmacologically inhibit Na ϩ -K ϩ -ATPase using an agent such as ouabain. However, not all isoforms of Na ϩ -K ϩ -ATPase are ouabain sensitive, particularly in rodents (39), and ouabain is arrhythmogenic. Consequently, caution must be applied to the interpretation of data derived from such studies. Another approach is to plot the relationship between T Na ϩ and renal V O 2 total observed under relatively normal physiological conditions or in response to maneuvers that alter T Na ϩ and then calculate the ordinal intercept, where TNaϩ ϭ 0 (or GFR ϭ 0). This approach has been used widely (Table 1) . Nevertheless, this does require the assumption that the relationship between TNaϩ and renal V O 2 total is linear [or log linear (58)] and could be confounded by changes in renal metabolism, independent of TNaϩ, that might occur in response to experimental maneuvers used to alter TNaϩ. Another approach, which has also been used widely, is to lower arterial pressure below the point at which glomerular filtration ceases. This approach is, of course, limited by the potential for neurohumoral activation, particularly if arterial pressure is lowered by hemorrhage, to alter V O 2 basal or the efficiency of O2 utilization for Na ϩ transport (dTNaϩ/dV O 2 total ). Finally, ureteric obstruction will also abolish Na ϩ excretion, but it has not been definitively established that ureteric obstruction abolishes Na ϩ transport. Inclusion and exclusion criteria for published data. Some studies of the effects of maneuvers that reduced T Na ϩ [e.g., reduced arterial pressure and/or renal blood flow (RBF) or the administration of diuretics] were excluded because of the unavailability of information on GFR and/or TNaϩ (10, 11, 18, 20, 26, 32, 36, 37, 59, 75, 78) . Others were excluded because GFR was not reduced to zero and T Na ϩ was not measured or because there was no analysis of the relationship between GFR or T Na ϩ and V O 2 total from which basal percent renal V O2 could be derived (1, 21, 22, 25, 28, 46, 50, 53, 56, 63, 64, 67, 76, 77) or because no significant correlation was observed between T Na ϩ and V O 2 total (47). We also excluded studies in which both renal V O 2 total and TNaϩ were measured, but the latter were not varied sufficiently to allow the ordinal intercept of the relationship(s) between V O 2 total and TNaϩ or GFR to be determined (7, 38) , or because the data were not presented in a form to allow this relationship to be extracted (29, 42, 54) . Studies in which TNaϩ and V O 2 total were varied by the induction of acute renal failure (23, 24) or clinical studies in patients with acute kidney injury (55) were excluded on the basis that these pathophysiological conditions might be associated with increased renal V O 2 basal . Studies in which agents were administered that are known to alter the efficiency of O2 utilization for TNaϩ were also excluded (6, 35) . Studies in isolated perfused kidneys (44, 62, 68, 74) were excluded, in part because of the nonphysiological nature of these experimental conditions but also because of the difficulty in defining an appropriate denominator for the calculation of basal percent renal V O2 under what might be considered "physiological" conditions. Thus, we restricted our analysis to in vivo studies in which renal V O 2 total was measured under relatively normal physiological conditions as well as under conditions in which it was established that glomerular filtration had b From the relationship between GFR or TNaϩ and V O2 determined in the absence of any specific interventions to alter these variables.
c From the relationship between GFR or TNaϩ and V O2 determined using specific interventions to alter these variables.
d This is the slope of the line of best fit between TNaϩ and V O2 and can be used in this case because the line of best fit passed through the origin. e Due to a calculation error, the values of TNaϩ/V O 2 total presented in this study (13) were twice the true value, which is presented here. f Approximated by reading off Fig. 3 in their study.
g Patients with normal renal function or chronic kidney disease were studied before cardiac catheterization. h The ordinal intercept of the relationship between TNaϩ and V O2 was estimated by inspection.
i No measure of FENaϩ was available for normal subjects, so values for patients with chronic renal failure (with and without diabetes) are presented. ceased and/or in which the apparently linear relationship between TNaϩ and renal V O 2 total could be extrapolated to the ordinal intercept (i.e., TNaϩ or GFR ϭ 0; Table 1) .
Experimental studies. Male New Zealand White rabbits (n ϭ 6, 2.83 Ϯ 0.11 kg) were studied according to the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes. Experimental conditions were similar to those we have previously reported (13) . Catheters were placed in the central arteries and marginal veins of both ears under local analgesia (1% lidocaine, Xylocaine, AstraZeneca, North Ryde, NSW, Australia). Rabbits were then anesthetized with pentobarbital sodium (90 -150 mg plus 30 -50 mg/h iv, Sigma Chemical, St. Louis, MO) and artificially ventilated. Throughout the surgery and experiment, the extracellular fluid volume was maintained by an intravenous infusion (0.15 ml·kg Ϫ1 ·min Ϫ1 ) of a 4:1 mixture of compound sodium lactate and polygeline/electrolyte solution. Body temperature was maintained between 37.0 and 38.0°C throughout the surgery and subsequent experiment by means of a heated table and infrared heating lamp. Baseline arterial PO2 (90 -110 mmHg) and PCO2 (30 -45 mmHg) were maintained within the desired ranges by altering the respiratory rate and volume and the level of positive end-expiratory pressure. The kidney was denervated, and a transit time ultrasound flowprobe (type 2SB, Transonic Systems, Ithaca, NY) was placed around the renal artery for the measurement of RBF. A catheter was placed in the renal vein (13) . A 90-min equilibration period was allowed between the completion of the surgical procedures and commencement of the experimental procedures.
Arterial pressure was measured via an ear artery catheter connected to a pressure transducer (Cobe, Arvarda, CO) and bridge amplifier (model QA1, Scientific Concepts, Mount Waverley, VIC, Australia). The transit time ultrasound flowprobe was connected to a compatible flowmeter (model T206, Transonic Systems). Values of mean arterial pressure (MAP), heart rate (triggered by the arterial pressure pulse), RBF, and core body temperature were digitized as 2-s averages. Blood gas analysis was performed on 0.5-ml samples of arterial and renal venous blood, collected simultaneously, using an ABL 700 series blood gas analyzer (Radiometer, Copenhagen, Denmark). Kidney O2 delivery (DO2) was calculated as the product of RBF and the O2 content of arterial blood. V O2 was calculated as the product of RBF and the arteriovenous O2 concentration difference. Comparisons between the measured variables at baseline relative to those 90 min after ureter ligation were made using Student's paired t-test. Two-sided P values of Յ0.05 were considered statistically significant.
TNaϩ/V O 2 total
From the published reports identified in our systematic review, we identified studies in which both FE Na ϩ and TNaϩ/V O 2 total were reported, both TNaϩ and TNaϩ/V O 2 total were reported, or that provided data from which these variables could be calculated. For the most part, we confined our analysis to reports in which T Na ϩ/V O 2 total was or could be calculated from TNaϩ and V O 2 total measured in individual animals or humans. However, in seven cases, we calculated TNaϩ/V O 2 total from between-animal mean values of TNaϩ and V O 2 total (9, 27, 33, 50, 52, 61, 66).
Theoretical Predictions for the Rat Kidney
We assumed that 28 mol of Na ϩ are reabsorbed for every 1 mol of O2 consumed (43), as follows:
We also assumed a linear relationship between V O 2 total and TNaϩ, as follows:
In addition, we assumed that a rat kidney reabsorbs 100 mol of Na ϩ each minute under normal physiological conditions (␣ ϭ 100 mol/ min), based on a value of T Na ϩ of 115 mol·min Ϫ1 ·g kidney wt Ϫ1 in Wistar-Kyoto rats whose kidneys weighed ϳ1.1 g (80). V O 2 basal was set as a constant (i.e., independent of the actual rate of T Na ϩ), defined as a proportion (␥) of the O 2 required to reabsorb 100 mol/min of Na ϩ , as follows:
Basal percent V O2 was then defined as follows:
First, we set the filtered load of Na ϩ at 100 mol/min and at various levels of ␥ (0 -0.6); we then calculated how changes in FENaϩ would affect basal percent V O2 and TNaϩ/V O 2 total . We then examined the effects of changes in ␥ on the way TNaϩ/V O 2 total varies with TNaϩ within the range from 0 to 200 mol/min. Finally, we examined the effects on estimates of basal percent V O2 of the presence of an additional source of renal V O2 for functions other than TNaϩ but that nevertheless varies in proportion to TNaϩ. We defined this additional source of V O2, distinct from both V O 2 basal and V O 2
), so that:
RESULTS
Basal Percent Renal V O 2
Systematic review. The text below summarizes the experimental procedures and major findings of the 23 published studies included in our final analysis (Table 1) .
We identified 10 publications that presented estimates of basal percent renal V O 2 determined by extrapolation to the ordinal intercept of the relationship between GFR or T Na ϩ and V O 2 total (i.e., when GFR or T Na ϩ ϭ 0) in experiments in which no specific interventions were applied to alter GFR or T Na ϩ. In anesthetized dogs (16, 34, 58, 72, 81) and rats (80) and unanesthetized humans (2, 3, 33, 48) , estimates of basal percent renal V O 2 ranged from 0% to 43.4% (Table 1) .
We identified 12 publications reporting estimates of basal percent renal V O 2 derived from an extrapolation of the relationship between GFR or T Na ϩ and V O 2 total from experiments in which specific treatments were applied to alter GFR or T Na ϩ. These treatments included progressive hemorrhage (30, 73) , suprarenal aortic constriction (60), administration of diuretic agents (9, 30, 49, 79, 81) , expansion of extracellular fluid volume (12, 57) , inhibition of ouabain-sensitive Na ϩ -K ϩ -ATPase (9), halothane inhalation (70), and chronic recovery from ischemia-reperfusion injury (52) . These estimates of basal percent renal V O 2 , from studies in anesthetized dogs, rabbits, and rats, ranged from 15% to 64.6% (Table 1) .
We identified nine published reports including estimates of basal percent renal V O 2 determined by comparison of V O 2 total under control conditions with V O 2 when glomerular filtration was abolished. The specific interventions included hemorrhage (27, 34, 69, 73), suprarenal aortic constriction (13), high-dose halothane (70), administration of bombesin (45), administra-tion of hypertonic mannitol (58), blockade of tubular flow by retrograde filling of the lower urinary tract with oil (58), or complete ureteral occlusion (65) . These estimates of basal percent renal V O 2 , from studies in anesthetized dogs, pigs, and rabbits, ranged from 10% to 81.5% (Table 1) .
New experimental studies. Baseline levels of MAP (73 Ϯ 1 mmHg), heart rate (256 Ϯ 6 beats/min), RBF (23.0 Ϯ 2.3 ml/min), arterial blood PO 2 (107 Ϯ 4 mmHg) and hemoglobin saturation (99.5 Ϯ 0.2%), renal venous blood PO 2 (60 Ϯ 3 mmHg) and hemoglobin saturation (77.2 Ϯ 2.0%), renal DO 2 (183 Ϯ 17 mol/min) and V O 2 (42 Ϯ 5 mol/min), fractional O 2 extraction (22.8 Ϯ 1.9%), and FE Na ϩ (14.8 Ϯ 4.0%) were similar to those we have observed in previous studies using this experimental preparation (13) (14) (15) assume a physiological value of FE Na ϩ of 1%, the data shown in Fig. 1 provide an estimate of basal percent renal V O 2 of 16.5% under physiological conditions according to the line of best fit determined by ordinary least-squares regression. When the line of best fit was determined by the ordinary leastproducts method (40, 41) , basal percent renal V O 2 was predicted to be 12.7%.
T Na ϩ/V O 2 total
The theoretical relationships we constructed (Fig. 2B ) between FE Na ϩ and T Na ϩ/V O 2 total were a family of curves that deviated only slightly from linearity within the range of FE Na ϩ ϭ 0 -70%. They predict that T Na ϩ/V O 2 total decreases with increasing FE Na ϩ. The slope of the relationship increases as FE Na ϩ or V O 2 basal increase. We identified 13 published reports, of studies in anesthetized dogs, rats, and pigs as well as unanesthetized humans, from which we could retrieve paired values of FE Na ϩ and T Na ϩ/ V O 2 total . These data were also available for the present study of anesthetized rabbits. Overall, T Na ϩ/V O 2 total tended to vary inversely with FE Na ϩ (Fig. 3) , in a manner consistent with the theoretical relationships we generated (Fig. 2B) . Linear regression analysis demonstrated that this apparent effect was not quite statistically significant (P ϭ 0.07) and only explained 12% of the variance in the data set. However, in four of the five experiments in which data were collected in a within-subject fashion, T Na ϩ/V O 2 total was reduced by treatments that increased FE Na ϩ.
We identified eight published reports, of studies in anesthetized dogs, rats, rabbits, and pigs in which T Na ϩ was manipulated, from which we could retrieve paired values of T Na ϩ and T Na ϩ/V O 2 total . T Na ϩ was manipulated by reducing renal perfusion pressure, altering renal vascular tone by electrical stimulation of the renal nerves or renal arterial infusion of vasoactive agents, by increasing ureteral pressure, or by administration of a range of diuretic agents. In some reports, the effects of more than one maneuver and/or of graded stimuli were presented. These data were normalized by expressing both variables as percent changes from their control level (Fig. 4) . We observed a strong positive relationship between percent changes in T Na ϩ (x) and T Na ϩ/V O 2 total (y), which was consistent across species exposed to similar stimuli. For example, the observations of Warner et al. (76) of the effects of progressively reduced renal artery pressure in anesthetized pigs were virtually superimposable on those of Evans et al. (13) of the effects of this maneuver in anesthetized rabbits. There was also remarkably little variation in this relationship between maneuvers that altered T Na ϩ, chiefly by altering GFR through effects on renal hemodynamics, and those in which T Na ϩ was more directly manipulated by administration of diuretic agents.
The theoretical relationships we constructed between T Na ϩ (or the percent change in T Na ϩ) and T Na ϩ/V O 2 total (or the percent change in T Na ϩ/V O 2 total ) were curvilinear (Fig. 5) . They predicted that T Na ϩ/V O 2 in the rat kidney falls steeply as T Na ϩ is reduced below the physiological level of 100 mol/min and increases in a less steep manner when T Na ϩ is increased above V O 2 basal . Importantly, the experimental data (Fig. 4) followed a similar trend to the theoretical relationships between percent changes in T Na ϩ and T Na ϩ/V O 2 total (Fig. 5B ).
Theoretical Impact of T Na ϩ-Dependent Changes in V O 2 for Processes Other Than T Na ϩ
As would be expected, the imposition of an additional source of V O 2 used for functions other than T Na ϩ, but nevertheless linearly dependent on T Na ϩ, increases the slope of the relationship between T Na ϩ and V O 2 total . As a result, estimates of basal percent renal V O 2 that would be predicted to arise from experimental studies are reduced (Fig. 6) . . We also examined how estimates of basal percent renal V O 2 and T Na ϩ/V O 2 total vary with the physiological state of the kidney.
We are able to draw two important conclusions. First, although available estimates of basal percent renal V O 2 vary widely, ranging from 0% to 81.5%, nearly half of this variation can be accounted for by variations in FE Na ϩ. Consequently, regression analysis of available experimental data provided a "consensus" estimate of basal percent renal V O 2 of 12.7-16.5% when FE Na ϩ is 1%, depending on the method used to perform linear regression (40, 41) . Our analysis of these experimental observations is in accordance with the results of our theoretical analysis, which predicted a positive curvilinear relationship between FE Na ϩ and basal percent renal V O 2 .
If basal percent renal V O 2 varies with the natriuretic state of the kidney, it follows that T Na ϩ/V O 2 total should too, as demonstrated by our theoretical analysis. Our finding of a positive relationship between experimentally induced changes in T Na ϩ and T Na ϩ/V O 2 total supports this prediction. Thus, our second conclusion is that the use of T Na ϩ/V O 2 total as an index of the efficiency of O 2 utilization for T Na ϩ is confounded by the presence of V O 2 basal . Consequently, caution should be applied when this variable is used as a quantitative index of the efficiency of O 2 utilization for T Na ϩ, especially when experimental manipulations result in changes in T Na ϩ. Our observations reflect the fact that renal V O 2 total includes a component that does not vary with T Na ϩ (V O 2 basal ) as well as a component that does vary with T Na ϩ (V O 2 Na ϩ ). Consequently, T Na ϩ/V O 2 total can change independently of the efficiency of T Na ϩ (dT Na ϩ/dV O 2 ), especially when T Na ϩ changes.
Three caveats must be applied to our conclusions. The first caveat relates to the assumption that the V O 2 for functions other than T Na ϩ is relatively constant. There is evidence that this quantity, which theoretically could include true "V O 2 basal " as well as a component of V O 2 for functions other than T Na ϩ but that nevertheless varies with T Na ϩ, is not static (4, 62, 68) . For example, Cohen and colleagues (4) provided evidence, using the isolated perfused kidney, that the rate at which lactate enters into O 2 -dependent biochemical pathways (e.g., glucose production) increases as T Na ϩ increases. Our theoretical analysis indicates that the presence of this additional source of V O 2 would lead to an underestimation of the efficiency of direct O 2 utilization for T Na ϩ and reduce basal percent V O 2 when determined experimentally by abolition of T Na ϩ.
Second, it should be acknowledged that some of the variation in estimates of basal percent renal V O 2 likely arises from the confounding influence of the maneuvers used to alter T Na ϩ. For example, the greatest estimates of basal percent renal V O 2 came from the present study, in which the ureter was ligated (60%), and from an earlier study (58) , in which tubular flow was blocked by a retrograde infusion of oil (81.5%). It has been proposed that damage to the tubular epithelium induced by blockade of tubular flow at a downstream site may lead to increased renal V O 2 (58) . It is also possible that ligation of the ureter does not cause the complete cessation of Na ϩ transport. Finally, it is also likely that the presence and mode of anesthesia used in these studies could have influenced estimates of basal percent renal V O 2 . For example, pentobarbital is known to influence mitochondrial function by inhibition of complex 1 (NADH dehydrogenase) of the respiratory chain (71), thus leading to reduced cellular ATP availability. This action might at least partly explain the relatively high FE Na ϩ observed in experiments performed under pentobarbital anesthesia.
The third caveat that must be applied to our conclusions relates to the possibility that some of the treatments that altered T Na ϩ in the studies shown in Fig. 3 may have really altered the efficiency of O 2 utilization for T Na ϩ (i.e., dT Na ϩ/dV O 2 total ). Such effects might be expected if active Na ϩ transport is shifted from the proximal tubule to less efficient tubular segments (19) , if the efficiency of mitochondrial function is reduced, as is known to occur when the bioavailability of nitric oxide is reduced (35) , or by factors that inhibit passive Na ϩ transport and/or secondary active transport. For example, Deng et al. (6) provided strong evidence that inhibition of carbonic anhydrase can reduce the efficiency of O 2 utilization for T Na ϩ. They showed that the carbonic anhydrase inhibitor benzolamide increased renal V O 2 total by ϳ50% despite a concomitant reduction in T Na ϩ of ϳ25%. They proposed that this effect was mediated by increased active Cl Ϫ transport in the proximal tubule. Similarly, Knox et al. (30) found that the slope of the relationship between T Na ϩ and renal V O 2 total was increased during diuresis induced by an infusion of mannitol, implying that the metabolic cost of T Na ϩ was increased by mannitol, at least under the conditions of their experiment. However, the fact that the experimental observations shown in Fig. 4 are consistent with the theoretical relationships shown in Fig. 5B , despite the fact that T Na ϩ was manipulated by a wide range of maneuvers, suggests that effects of the maneuvers on the efficiency of O 2 utilization for T Na ϩ have not undermined our conclusions. Interestingly, the one obvious outlier shown in Fig. 4 represents the effects of benzolamide observed by Deng et al. The fact that T Na ϩ/V O 2 total was reduced more by benzolamide that any of the other maneuvers, for a given reduction in T Na ϩ, provides some level of confidence that the ability of benzolamide to alter the efficiency of O 2 utilization for T Na ϩ is the exception rather than the rule.
In . Another, perhaps better, approach would be to subject experimental animals to maneuvers that progressively alter T Na ϩ, so that the slope of the relationship between T Na ϩ/V O 2 total (dT Na ϩ/ dV O 2 total ) can be determined. This approach, of course, does not overcome the potentially confounding effects of potential changes in V O 2 basal induced by the maneuvers used to abolish T Na ϩ. These methods were used in earlier investigations of the physiology of renal O 2 utilization but have fallen out of favor as we have moved from large-animal to small-animal experimental models. Finding ways to use more rigorous methods to assess the efficiency of O 2 utilization for T Na ϩ in small animals, such as rats and mice, represents an important technical challenge for investigators studying the physiology and pathophysiology of renal oxygenation.
